Communication involves a pair of behaviours-a signal and a response-that are functionally interdependent. Consequently, the emergence of communication involves a chicken-and-egg problem: if signals and responses are dependent on one another, then how does such a relationship emerge in the first place? The empirical literature suggests two solutions to this problem: ritualization and sensory manipulation; and instances of ritualization appear to be more common. However, it is not clear from a theoretical perspective why this should be the case, nor if there are any other routes to communication. Here, we develop an analytical model to examine how communication can emerge. We show that: (i) a state of non-interaction is evolutionarily stable, and so communication will not necessarily emerge even when it is in both parties' interest; (ii) the conditions for sensory manipulation are more stringent than for ritualization, and hence ritualization is likely to be more common; and (iii) communication can arise by a third route, when the intention to communicate can itself be communicated, but this may be limited to humans. More generally, our results demonstrate the utility of a functional approach to communication.
INTRODUCTION
Communication is not a trait possessed by one or another individual. Rather, it is an interaction between two (or more) individuals [1] [2] [3] [4] . This is reflected in contemporary definitions of communication, which emphasize that whether a given behaviour is a signal depends on whether there is a corresponding response, and vice versa [3, 4] . This suggests a chicken-and-egg problem: if signals and responses depend on each other to explain their adaptive value, then how can communication emerge in the first place?
The existing literature suggests two broad processes by which communication can arise: ritualization and sensory manipulation [3, 5] . In ritualization, signals evolve from behaviours that were originally only cues. For example, the use of urine to mark territory may have begun as a marker of fear, produced by animals at the periphery of territory in which they felt safe, which other animals used as the cue of the focal individual's presence [3] . In sensory manipulation, signals evolve from behaviours that were originally only coercive. For example, many mating displays may have begun as scenarios in which a preference for objects of a certain colour allowed the behaviour of potential receivers to be manipulated by others [5] . In the empirical literature, examples of ritualization are more common than accounts of sensory manipulation, and it has been suggested that 'most signals probably evolved by . . . ritualization' ( [3] , p. 68).
These empirical observations raise (at least) three questions. First, why is ritualization more common? Is there a particular theoretical point that might explain this? Second, are ritualization and sensory manipulation the only ways in which communication can emerge? Are there any other routes to communication? Third, how do these two routes to communication (and any others that might be identified) relate to one another, and to the way in which communication is defined? In other words, are there general patterns in the ways in which communication systems emerge from non-communicative states, and can these be predicted from how we define communication?
In this paper, we examine theoretically the different ways in which communication systems can emerge from states of no communication. In particular, we explore the different ways in which the chicken-and-egg interdependence of signals and responses can emerge, and we ask about the relative frequency of the possible routes we describe. Although our work is inspired by the evolution of animal signals, our larger goal is to develop a general framework that can be applied more broadly. For example, our results also hold for the ontogenetic emergence of communication, such as that between pairs of interacting primates [6, 7] . It is for this reason that we begin by specifying exactly what we mean by communication, and associated terms and concepts ( §2). We then describe our model and main results ( § §3-5). The model is deliberately simple, since it is designed to illustrate general functional principles about how communication systems emerge, rather than the mechanisms involved in any particular instance.
we are able to identify scenarios that are communicative, and distinguish them from scenarios that are not. We define a signal as any action or structure that causes a reaction in another organism, where it is the function of both action and reaction to play these particular roles in the interaction [3, 4] . If these conditions are satisfied, then the action is a signal; the reaction is a response; and the overall interaction is communicative. If only the reaction is functional in this way, then the action is a cue; and if only the action is functional in this way, then it is coercive (table 1). (Note: the term coercive does not imply that the interaction is not beneficial for the reacting organism. It may indeed be beneficial. All that coercion implies is that the reaction did not evolve as part of the interaction.) These definitions capture various prima facie instances of communication, and appropriately exclude phenomena that we would not wish to term communicative, such as camouflage [3, 4] . Furthermore, these definitions make clear that signals and their corresponding responses are interdependent: both are required for an interaction to be communicative. In the electronic supplementary material, we discuss how these concerns relate to the role of cooperation in communication, and to other issues in animal signalling theory, in particular the matter of honesty.
ANALYTICAL MODEL (a) Basic set-up
Our basic model involves two individuals: an actor and a reactor. At this stage, we do not label the individuals as signaller and receiver, because we want to investigate the conditions under which behaviours do and do not become signals and responses. At the point at which action and reaction satisfy the functional criteria of our definition above, we will label them as signal and response accordingly.
The world can be in one of n possible states, T ¼ ft 1 , t 2 , . . . , t n g. The state of the world is known to the actor but not to the reactor. Each state t i occurs with a fixed, positive probability, w(t i ) . 0 (so P i w(t i ) ¼ 1). Whatever the state of the world, the actor can perform one action from a set, A ¼ fa 0 , a 1 , . . . g, and the reactor can perform one reaction from a different set, R ¼ fr 0 , r 1 , . . . g. Note that the sets of possible actions and possible reactions include a 0 and r 0 , respectively: these refer to the actor/ reactor doing nothing, relative to whatever behaviour they were already engaged in. Consider, for example, prey fleeing from a predator. Here, the fleeing is the default, non-signalling behaviour (a 0 ), and in the absence of communicative considerations this will be optimized according to factors such as the expected length of pursuit, the need to conserve energy, and so on. However, animals may run faster than this optimal speed, in order to advertise an ability to escape, and hence deter the predator from continuing [8] . It is these possible deviations from a 0 that comprise the remainder of A, the set of possible actions available to the actor. R, the set of possible reaction, is characterized in the same way.
Then for each pair of states of the world and reactions, there will be a pair of payoffs, one each for actor and reactor: P A (t i , r k ) and P R (t i , r k ). These payoffs are measured relative to the scenario in which there is no interaction between actor and reactor. Consequently the payoffs associated with the reactor doing nothing are fixed at 0:
In addition, there is an efficacy cost associated with all behaviours except those that involve doing nothing, to reflect the energy expenditure in performing the behaviour in question. This cost can be different for different actions and reactions (i.e. 8 a j where j =0, 9 cost 1(a j ) . 0, 1(a 0 ) ¼ 0; and 8 r k where
Following Donaldson et al. [9] , we then define the actor's strategy as a matrix of the conditional probabilities that the actor will perform a particular action, given each particular state of the world (P ¼ p(a j j t i );
Similarly, we define the reactor's strategy as a matrix of the conditional probabilities that the reactor will perform a particular reaction, given each particular action (Q ¼ q(r k j a j );
To establish the net payoff to the actor, we first calculate the product of: (i) the probability that the world is in a particular state t i ; (ii) the probability that the actor will perform a particular action, a j , given that the world is in state t i ; (iii) the probability that the reactor will perform a particular reaction, r k , given that the actor has performed a j ; and (iv) the payoff for the actor associated with the particular combination of state and reaction. We then sum this product over all possible states, actions and reactions, and subtract any efficacy cost associated with the performance of the action. This gives us
where p(a) is the weighted sum over T of the conditional probabilities p(ajt). Similarly, the net payoff to the reactor is
where q(r) is the weighted sum over A of the conditional probabilities q(rja).
Since we wish to understand how communication can emerge from a state of no communication, we must consider strategies that correspond to no interaction between actor and reactor. To do this, we define a null matrix for each, which corresponds to doing nothing regardless of what the other individual does. So P null is defined by the actor performing a 0 with probability 1 for all states of the world (so p(a 0 jt i ) ¼ 1 8 I, and hence p(a j jt i ) ¼ 0 8 j = 0). Similarly Q null is defined by the reactor performing r 0 with probability 1 for all actions (so q(r 0 ja j ) ¼ 1 8 j, and hence
Finally, we also assume that if the actor does nothing, then the reactor's best strategy is to do nothing as well, such that if the actor provides no information about the state of the world, then the reactor's best strategy is to do nothing, rather than to perform a behaviour at random (w R (P null ,
(b) A state of non-interaction is evolutionarily stable We can now ask whether (and if so, how) communication might evolve from a wholly non-interactive initial scenario in which there is no interaction (i.e. from the state (P null , Q null )). It should be relatively obvious that, starting from a state of no interaction (i.e. where the actor always chooses a 0 and the reactor always chooses r 0 ), any unilateral change in strategy will not increase either individual's payoff. If the actor unilaterally changes strategy from always doing nothing then the only difference to their payoff will be the efficacy cost that is associated with all actions except for a 0 ; there will be no additional benefit because the reactor will always ignore them. Correspondingly, if the reactor unilaterally changes strategy from always ignoring the actor (i.e. from always choosing r 0 ), then their payoff will necessarily be less than zero, since it is an assumption of the model that if the actor does nothing, then the reactor's best strategy is to do nothing as well. In other words, the pair of strategies (P null , Q null ) is evolutionarily stable. This result is intuitive, and we prove it formally in the electronic supplementary material. Moreover, it has long been known, especially from research on begging, that many communication games have stable non-signalling equilibria [10, 11] . However, the implications of this for general patterns of how communication systems emerge have not previously been spelt out explicitly. The immediate corollary is that we cannot simply assume that if communication is beneficial for both parties it will necessarily emerge. Our model shows why such an assumption is naive: communication is an inherently interdependent phenomenon, and this interdependence imposes constraints on the dynamics by which communication can emerge. Specifically: both signals and responses depend on each other for their adaptive value, and this makes the emergence of communication a chicken-andegg problem. The next section considers how this problem can be overcome.
RITUALIZATION AND SENSORY MANIPULATION
The empirical literature suggests that communication evolves by one of two processes: ritualization and sensory manipulation [3, 5] . As mentioned in §1, a possible example of ritualization is the use of urine and faeces to mark territory [12] . Here, the territory owner initially relieves himself because of fear, but at the same time he is willing to remain and fight for the territory. Hence, the urine and faeces act as cues to others about the ownership of the territory, which may change their behaviour accordingly. The focal individual may then evolve to urinate (or defecate) in order that others recognize ownership of the territory, whether or not he is scared. So here a cue evolved first, and was then co-opted by the (proto-)signaller, and hence became a signal. An example of sensory manipulation may be the offering of nuptial gifts, from males to females, that occurs in many insect species (see Vahed [13] for a review). A specific example is the scorpionfly Bittacus apicalis, where males capture large prey and then offer it to females who feed on it during copulation [14] . The offering of prey is a signal, which may have initially involved the male simply presenting the food to the female, who is willing to mate because she has a pre-existing mechanism that prioritizes the opportunity to feed on large prey. At this point, the presentation of the prey is coercive. If there is later positive selection on the female to accept the prey in exchange for copulation, then it has become a signal [3] . These two processes are summarized in figures 1 and 2, respectively. We now formally model each, as a way to specify the similarities and differences between them. This will allow us to ask about their relative frequency ( §4c), and also whether there are any other ways in which communication can emerge ( §5).
(a) Ritualization We first examine how signals can evolve via ritualization, in which signals evolve from preceding cues (figure 1). To do this, we must first specify how the initial conditions differ from a state of total non-interaction (since, as shown in §3b above, communication is unlikely to emerge from such a state). We hence state that one particular state of the world, t I , has the following properties. First, if a particular action, a J , is performed when the world is in this state, then there is a positive payoff, a, for the actor, independent of any effect that action may have as a result of its effect upon the reactor. This is equivalent to the production of urine owing to fear in the example discussed above. Second, we also specify that in the same state of world, there is a particular reaction, r K , that produces a positive payoff for the reactor (P R (t I , r K ) . 0). This is equivalent to rival individuals being able to use the presence of urine as a guide to the ownership of the territory, and hence behave accordingly.
What are the selection consequences of these changes? The actor will evolve to perform a J whenever the world is in state t I . The reactor will then, in turn, evolve to perform r K whenever the actor performs a J . Thus, at this point, a J is a cue: it has an effect upon the reactor, the reactor has evolved a reaction to attend to it, but the actor has not evolved to cause that reaction.
The evolution of the cue may, in turn, have evolutionary consequences for the actor. These may be negative, neutral or positive (i.e. P A (t I , r K ) may be less than, equal to or greater than, 0). If the consequences are negative, and if they outweigh the benefit that the actor receives for performing the behaviour in this state of the world, then there will be selection for the actor not to perform that action any more (i.e. if P A (t I , r K ) , 0 and if 2P A (t I , r K ) , a). If the consequences are neutral, or if they are negative but are outweighed by the benefit that the actor receives for performing the behaviour in this state of the world, then there will be no selection on the actor (i.e. if P A (t I , r K ) ¼ 0 or if P A (t I
If the consequences are positive, then the actor's behaviour will be maintained under positive selection (i.e. if P A (t I , r K ) . 0).
Only the last of these scenarios is communicative: it is only here that the action's effects upon the reactor explain (in part) its continued existence (recall from §2a that this is a necessary criterion for something to be the function of behaviour). We can now term the action a signal, and the reaction a response. Moreover, this state has emerged via a process of ritualization: a cue has become a signal. In the other two scenarios, the action has either been selected against, or it has been maintained, but not because of its effects upon the reactor. Hence, neither scenario is communicative.
(b) Sensory manipulation
We now examine how signals can evolve via sensory manipulation, in which signals evolve from preceding coercive behaviours (figure 2). As with ritualization, we must first specify how the initial conditions differ from a state of non-interaction. We first specify that there is a particular action, a J , that (because of some pre-existing mechanism) produces the reaction r K (q(r K ja J ) ¼ 1). Translated into the scorpionfly example, the action is the presentation of prey by the male, and the reaction is the female feeding on it. Second, we specify that for one particular state of the world, t I , there is a positive payoff to the actor if the reactor performs r K (P A (t I , r K ) . 0). Again translated into the scorpionfly example, this is equivalent to the male being able to mate if the female is feeding.
What are the selection consequences of these changes? First, the actor will evolve to perform a J whenever the world is in state t I , since that will produce reaction r K , which has a positive payoff for the actor. Thus at this point, a K is coercive: it has an effect upon the reactor, this effect is the function of the action, but the reaction is not functional. This development will, in turn, have selection consequences for the reactor. These may be negative, neutral or positive (that is, P R (t I , r K ) may be less than, equal to or greater than 0). If the net consequences are negative, then there will be selection for the reactor not to perform that action any more (i.e. if P R (t I , r K ) , 0), and the system will collapse. If the consequences are neutral, then there will be no selection on the reactor (i.e. if P R (t I , r K ) ¼ 0). An example that illustrates the difference between these would be mimicry, in which the actor mimics, say, a female in order to attract prey. This is an act of coercion, and it is costly for the reactor. If it is sufficiently common to outweigh the benefits of being attracted to females, then the net consequences are negative, and the prey will evolve a defence mechanism of some sort. If, on the other hand, these costs are balanced by the mating opportunities that follow from being attracted to females, then the net consequences are neutral.
If the net consequences are positive, then the reactor's behaviour will be maintained under positive selection (i.e. if P R (t I , r K ) . 0). As before, it is only this final scenario that is communicative: it is only here that the action's effects upon the reactor explain (in part) its continued existence, and so it is only here that we can term the reaction a response. This state has emerged via a process of sensory manipulation: a previously coercive behaviour has become a signal. In the other two scenarios, the action has either been selected against, and hence the interaction collapses; or the action has been maintained, but not because of its effects upon the reactor. Hence, neither is communicative.
It is clear from these models that ritualization and sensory manipulation are closely related. However, our Figure 1 . Ritualization. Ritualization involves two stages. First, a cue emerges. Then, that cue may become a signal, and the interaction may become communicative, if the cueing individual (the actor) gains from their production of the cue. In contrast, if the production of the cue is costly for the actor, then the system will collapse. If it is neutral, then the system will remain stable, but we cannot label it communicative.
accounts also make it clear that they are not exact mirror images of one another. There are also several small differences, caused by the fact that communication is a dynamic rather than a static game (i.e. one player, the signaller, necessarily acts before the other; in a static game, such as the Prisoner's Dilemma, both players act at the same time). These differences turn out to be important when we ask if one or the other process is likely to be more common in nature.
(c) Ritualization is likely to be more common than sensory manipulation We now compare the exact conditions required for these two processes to occur. For ritualization, the initial conditions required for a cue to emerge are that in some particular state of the world, there is an action for which the actor gains some benefit, independently of any effect it might have upon the reactor; and that there is a reaction for which the reactor gains some benefit. Expressed formally, these conditions are Then, for the cue to become a signal (and the cued behaviour to become a response), we require that the payoff owing to the actor when the reaction is performed is positive:
For sensory manipulation, the initial conditions for coercion to emerge are that there is a particular reaction that, because of some pre-existing mechanism, produces a particular reaction; and that in some particular state of the world, there is a positive payoff to the actor if the reactor performs that same reaction. Expressed formally: Then, for the coerced behaviour to become a response (and the coercive behaviour to become a signal), we require that the payoff owing to the reactor when they are coerced is positive:
Note that (4.2) is the same as (4.6), and that (4.3) is the same as (4.5). In other words, both processes require that both participants benefit (this follows from the way in which communication is defined; see §2). The difference lies in which of these conditions is necessary for the first stage, in which cueing or coercion emerges; and which is necessary for the second stage, in which the cue/coercion becomes a signal. Each process also has an additional condition that is necessary to trigger the first stage. However, in the case of ritualization, the additional condition, (4.1), is already entailed by (4.3), so all that is required are conditions (4.2) and (4.3). However, for sensory manipulation, the additional condition, (4.4), really is an additional condition.
In other words, in ritualization, the condition necessary for a cue to become a signal is already partially satisfied by the condition necessary for a cue to emerge in the first place. This is not, however, true of coercion: condition (4.4) has no bearing on condition (4.6). So with ritualization, the (proto-)signal is likely to be NO INTERACTION COERCION in that same state of the world, reaction is negative for reactor SYSTEM COLLAPSES SYSTEM IS STABLE (BUT NOT COMMUNICATIVE) COMMUNICATION in that same state of the world, reaction is neutral for reactor in that same state of the world, reaction is neutral for reactor (i) in some state of the world, an action emerges that, because of some pre-existing mechanism, causes a particular reaction and (ii) that reaction is positive for actor Figure 2 . Sensory manipulation. As with ritualization, sensory manipulation involves two stages. First, a coercive behaviour emerges. Then, that behaviour may become a signal, and the interaction may become communicative, if the coerced individual (the reactor) gains from being coerced. In contrast, if being coerced is costly, then the system will collapse. If being coerced is neutral, then the system will remain stable, but we cannot label it communicative.
How do
tinent to the reactor (e.g. from the example used above, urine reveals the presence of an animal), then the reactor would not have evolved to attend to it in the first place. However, there is no similar requirement for sensory manipulation. Here, actors evolve to manipulate reactors, but this manipulation may not be honest-and if it is not, then reactors will evolve to ignore actors, and the system will collapse. This difference between the two processes may explain why, in the empirical literature, ritualization is observed to be more common than sensory manipulation.
The point is not that cues will always become signals. For example, if the urine revealed the location of the animal to potential predators, then once it became a cue the animal would be under a selection pressure not to urinate so conspicuously. The point is instead that the likelihood that cues will become signals is greater than the likelihood that coerced behaviours become responses. This is because in ritualization the actor already receives some benefit from the action, independent of the effects the action has on the reactor-but with sensory manipulation there is no equivalent foundation: the reactor does not receive any prior benefit.
IS THERE A THIRD ROUTE TO COMMUNICATION?
Thus far, we have discussed only two possible answers to the question 'how do communication systems emerge?'. In this section, we ask whether these two answers are exhaustive, or whether there is an additional, third route to communication. In particular, we ask whether it is possible to go from a state of non-communication to a state of communication without first passing through either a state of cueing or a state of coercion.
Since signal and response are interdependent, this direct emergence would require that signal and response come into existence simultaneously. With natural selection this is possible but unlikely, since it requires simultaneous, complementary mutations in actor and reactor. However, we can imagine how it might occur in other domains. Specifically: if the mechanisms that determine behaviour are such that changes in the actor's mechanism trigger immediate and complementary changes in the reactor's mechanism, it would be possible for communication to emerge directly from non-communication: chicken and egg at the same time. More precisely, reactors must have mechanisms that allow them to recognize that a novel behaviour is designed to be a signal; and signallers must have mechanisms that allow them to create signals that have the features that allow receivers to recognize them as such ( figure 3) . This is quite a specific requirement, but humans possess such a mechanism, in their capacity to attribute intentions to others' behaviour [15] . In short, humans are able to make it manifest to their audience that they wish to communicate with them [16 -18] . For example, if I wish to request more wine, I can do this simply by tilting my empty glass towards my host in a particular way. Not only does this inform my host that I wish for more wine, it also informs her that it is my intention to inform her that I wish for more wine. As such, the behaviour is a signal (about both my desire for wine, and about my intention to communicate the same), yet, crucially, there is no preceding cue or coercive behaviour here. Instead, communication emerges directly and immediately. This is, then, a direct route to communication, different to both ritualization and sensory manipulation.
The same point is illustrated by recent empirical work in which pairs of interacting human participants play simple computer games that involve coordinating their behaviour with one another, and doing so successfully requires that they find a way to reveal when their behaviour is intended to be communicative [19, 20] . These challenges prove difficult, but participants are able to overcome them, and in doing so they demonstrate that humans are able to establish a communication system directly, without going via cues and coercive behaviours [19] . It is possible that other species, in particular some non-human primates, possess the cognitive mechanisms that allow this third route to emerge, but there is currently no demonstration of this. Indeed, whether this is the case is a key empirical question.
Another way to interpret this claim is to ask how it relates to the result derived in §3b: that a state of noninteraction is evolutionarily stable. That result showed that communication cannot emerge if changes in strategy must be unilateral. However, if both participants are able to change their behaviour simultaneously, and in complementary ways, then a state of not communicating is no longer stable, and communication can emerge directly. Such simultaneous changes are likely to be rare in natural selection, but in other domains they are possible. In particular, this is what happens with human dyads, because as signallers humans are able to construct their behaviour such that it reveals the intentions behind it, and as receivers they are able to recognize those same intentions. In short, (proto-)signallers must communicate that they have an intention to communicate. This ability may be limited to humans. would be in both parties' interests. Second, of the two ways in which animal signals are known to evolve, ritualization (cue first) is likely to be the more common, because the prerequisites for it to occur are less restrictive than they are for sensory manipulation (coercion first). This is because cues are already 'honest', in that they reliably reflect some aspect of the world; but coercive behaviours are not. Third, humans (and perhaps only humans) are able to develop communication systems in a more direct way, by virtue of their ability to make their communicative intentions manifest to others.
DISCUSSION
Our results also demonstrate the utility of a functional approach to communication. There is currently an ongoing interdisciplinary discussion about how best to conceptualize communication, and about how we might develop a consilient account of communication [21] . Some participants in this discussion have promoted information-theoretic approaches [22] . Others have argued that functionality and influence provide the foundations of communication [4, 23] . It may turn out that functional perspectives and information-centric perspectives are compatible with one another [24] -but at the same time, our results demonstrate that a functional approach yields real insights into several aspects of how communication systems emerge. It is not clear if the same insights can be derived from other perspectives.
Nothing in our framework is specific to the process of natural selection, and our results hence apply more widely. For example, the framework could also be used to describe ontogenetic ritualization, in which pairs of interacting primates develop communicative conventions that are unique to that dyad [6, 7] . Indeed, it is only because of the general nature of our terms and definitions that we have been able to compare the emergence of communication in human dyads with the evolution of animal signals, and hence make the claim (in §5) that the human ability to reveal and detect communicative intentions provides a third route to communication.
Finally, we wish to reiterate the point with which we began: that communication is not a trait possessed by an individual, but rather the consequence of a certain type of interaction; specifically, one that has interdependent functionality. It is only because we adopted and built upon a definition of communication that captured this fact that we have been able to derive the results that we have. We believe this approach captures the essence of communication, and is hence both fruitful and accurate. 
